. Abstract: Hollow fiber flow field-flow fractionation HF-FlFFF has been tested Ž . by varying the temperature 21᎐73ЊC to increase separation speed with reduced lift forces. It has been experimentally shown that the separation time of 0.050᎐0.426-m polystyrene latex standards can be reduced approximately by half, at 59ЊC, compared to the separation at room temperature. In addition, the resolution for the separation of large diameter particles, which are often influenced by the lift forces, is greatly improved. It also has been found that the steric Ž inversion diameter can be possibly shifted to a larger diameter up to about 0.800 . m at 73ЊC. The steric retention of particles is observed to increase with temperature due to the decrease in hydrodynamic lift forces that is known to decrease with the viscosity of the carrier liquid.
INTRODUCTION
Ž . Field-flow fractionation FFF is a category of separation techniques that fractionate colloidal particles or macromolecules by the use of external fields driven across the direction of separation flow w x for sample migration 1 . Among the various FFF Ž . subtechniques, flow FFF FlFFF has been developed into a universal technique for separating and w x characterizing colloidals and macromolecules 1᎐5 . Flow FFF utilizes the secondary transverse flow as an external field passing through the permeable walls that consist of ceramic frits. Most FlFFF systems in use adopt a flat rectangular conduit as a Ž . channel column in chromatography made from a spacer cut in a ribbon shape. The channel is constructed by inserting a spacer between two plastic Ž blocks having permeable frits on both sides the w x. symmetrical system 2,5 or only one frit where the Ž w x. crossflow flows out the asymmetrical system 4,6 . Attempts to facilitate the system operation and to enhance performance, the frit inlet injection method However, a cylindrical hollow fiber has been studied as a separation chamber in flow FFF by Lee w x et al. 11 and followed up with a feasibility study by w x Jonsson and Carlshaf 12 . A number of works werë made with the examination of the ionic strength w x effect of carrier solution 13 and the properties of w x fiber membrane on particle separation 14 . Hollow Ž . fiber flow FFF HF-FlFFF has also been applied to the separation of water soluble polymers and a few w x protein standards 15 . Recently, it has been reported that particle separation by HF-FlFFF can be greatly improved to the resolution level normally achieved by a rectangular system by optimization w x 16 . Furthermore, it has been shown that hollow fiber can be a potential alternative to obtain particle size distribution since it can possibly be developed into a disposable module in HF-FlFFF.
The sample migration in a hollow fiber follows the basic principles of FFF theory except that the w separation takes place in a cylindrical fiber Fig- Ž .x ure 1 a instead of a rectangular channel. The average distance of a sample migration pathway from the Ž . channel wall or fiber wall is dependent on the Ž interaction between the applied field crossflow rate for a rectangular system and radial flow rate for a . hollow fiber system and the opposing diffusive transport of sample materials. Thus in HF-FlFFF, particles or macromolecules having a relatively high diffusion protrude further from the fiber wall and they are eluted earlier than those diffusing slowly, as Ž . Ž illustrated in Figure 1 a . In the figure, sample zones are represented as rings but the actual zone should be a circular band having a gradient in the sample concentration with an exponential decrease . toward the fiber wall. As in other FFF techniques, the retention time in HF-FlFFF is inversely proporw x tional to the diffusion coefficient D 12,16 . The Ž diffusion coefficient is scaled to Tr : the viscos-. ity of a carrier liquid which is reduced with the increase of temperature T. Therefore, elevation of the temperature is a critical factor to increase the diffusion coefficient of sample materials leading to the increase of separation speed.
Temperature elevation has been tried with sediw x mentation FFF 17 and earlier research has shown that both separation power and speed can be improved experimentally along with theoretical considerations. In addition, the nonequilibrium band broadening, which often occurs in most elution techniques like chromatography including FFF, was rew x duced 17 . Since the nonequilibrium band broadening is caused by the diffusivity of sample materials located at flow streamlines of unequal flow velocities w x 18 , the elevation of temperature results in the rapid diffusional transport of sample materials among the different flows and it will eventually lead to the decrease in band broadening.
In this study, an HF-FlFFF system has been tested at elevated temperatures to enhance performance with increase of separation speed. Due to the simplicity in constructing a hollow fiber separation module, it is relatively straightforward in terms of establishing a high temperature HF-FlFFF system. Since most flow FFF systems are operated at room temperature, the feasibility of a temperature controlled HF-FlFFF system is significant. By adding temperature control to an HF-FlFFF system, rapid particle separation can be anticipated. It can also be expected that the risk of particle adhesion to the fiber wall may be minimized due to the elevated migration of sample materials from the fiber wall. Decrease of the lift forces can be another advantage in operating the system at an elevated temperature. w x It was reported in an earlier work 19 that the hydrodynamic lift forces are linearly proportional to the viscosity carrier liquid for a limited range of temperatures. Therefore, the decrease of lift forces will extend the normal operation and it may expand the dynamic range of particle separation in HFFlFFF. It is likely that the steric inversion diameter can be shifted to a large diameter scale if the lift forces are efficiently suppressed by temperature elevation. 
Calculation of the in¨ersion diameter d in HF-
, U is the radial flow velocity at the fiber wall and r is the radius of the fiber. Retention 
here V represents the inlet flow rate, V the in raḋ
where focusingrrelaxation of sample materials is accomplished, and L is the length of a fiber. Considering the retention ratio of the steric mode only, it can simply be expressed as
where ␥ is the steric correction factor that can be found by a calibration procedure and a is the parti-Ž . cle radius. Equation 4 is simple modification from the retention ratio for a conventional rectangular Ž . FFF system, R s 6␥ arw w: channel thickness , since R for the normal mode of HF-FlFFF is exw x pressed as R s 4 16 instead of R s 6. Due to the theoretical incompleteness in resolving the retention mechanism of the steric mode, one can utilize the simple relationship of retention time with particle diameter by using the calibration procedure w x 20,21 as
where t is the constant equal to the extrapolated r1 value of t for particles of unit diameter and S is the r selectivity, the slope of a calibration curve. When the retention ratio in HF-FlFFF is considered generally, it can be written as the sum of two w Ž .
Ž .x terms Equations 1 and 4 as
Ž .
Substitution of Equations 2 and 5 in conjunction
Ž . with Equation 4 into Equation 6
gives a semi-empirical expression for R with all measurable parameters:
The steric inversion diameter d is defined in an i earlier work as the diameter for which Ѩ RrѨ d s 0 w x Ž . 20 . Thus, differentiation of Equation 7 followed by the rearrangement of d is as follows:
. Therefore, the temperature elevation will induce an increase in inversion diameter. In addition, the inversion diameter is also influenced by the variation of the diameter selectivity S of a calibration curve.
MATERIALS AND METHODS
The HF-FlFFF system is identical to the one w x utilized in previous research 16 except that the hollow fiber separation module is inserted in a water Ž . bath as shown in Figure 1 3 from an experimental retention time of standard beads obtained at room temperature since fiber expansion occurs during run due to the system presw x sure 16 . Carrier solution utilized throughout the work is prepared from ultrapure water added with Ž 0.1% FL-70 from Fisher Scientific Co. Fair Lawn, . NJ, USA for particle dispersion and with 0.02% NaN as a bactericide. Delivery of the carrier solu-3 tion to hollow fiber is accomplished by a model M930 HPLC pump from Younglin Instrument Ž . Seoul, Korea . Sample injection is made at a re-Ž . duced flow rate 0.5 mLrmin. through the inlet of the fiber with the use of a Rheodyne 7125 loop Ž . injector from Rheodyne Cotati, CA, USA . Following the sample injection, the focusingrrelaxation process is carried out by delivering the carrier liquid into both the inlet and outlet. The focusingrrelaxation of injected sample components is made at the position of 0.1 L by adjusting the ratio of inlet and outlet flow rates as 1:9 for a period of time to assure w x sufficient relaxation as given in the literature 12 .
Since the current HF-FlFFF system utilizes a single pump, the flow conversion during the focusingrre-laxation process is made by using both four-way and three-way switching valves as depicted in Figure  Ž Figure 2 shows the separation of polystyrene latex mixtures obtained at four different tempera-Ž . When the temperature is elevated to 51ЊC, the last two peaks are clearly separated with the simultaneous reduction of retention times for all components. It seems that the resolution between the first two peaks is somewhat decreased. This is due to the increase of the experimental retention ratio which results in the increase of nonequilibrium band broadening in FFF. If the experimental retention ratio is kept constant, in which the radial flow rate is varied inversely with the change in D, the net effect of temperature elevation can be observed with the decrease of nonequilibrium band broadening. However, the current experiment is focused on the enhancement of separation speed and the minimization of steric influences. The baseline separation of the mixture is maintained at 59ЊC but is destroyed at 71ЊC. The separation time at 59ЊC is almost reduced to half without seriously losing the resolution and it is roughly 2.8 times faster at 71ЊC than that obtained at 23ЊC. This observation is similar to the earlier w x result made with a sedimentation FFF system 17 . From the observed fractograms in Figure 2 , it is clearly shown that the steric influence on the elution of 426-nm particles is significantly reduced at a high temperature. If there is no steric influence on the separation, retention time of 426-nm particles in Ž . Figure 1 a should be about 1.4 times that of 304-nm standard beads since the retention time is linearly proportional to the particle diameter. The decrease in retention time upon the varia-Ž . tion of temperature is plotted in Figure 3 a . Experimental data points are obtained at a run conditioṅȯ f V rV s 1.41r0.10 in mLrmin. and they are out rad Ž . compared with theory dotted lines by using Equa-Ž . tion 3 . These results indicate that the experimental data agree well with theory. It is likely that the fiber expansion from temperature elevation does not seriously occur in the current experiment. Experimental plate height data are plotted against temperature in Ž . Figure 3 b . Measured plate height does not appear to vary significantly until 42ЊC for both 204-and 304-nm beads but it increases more than 60% above 52ЊC. Since the data show plate heights measured at fixed flow rate conditions only, it is not quite clear to determine the evidence of the decrease in nonequilibrium band broadening. However, the current observations imply that contribution of nonequilibrium band broadening to observed plate heights is substantially decreased when operating temperature increases. Otherwise, the observed plate height data will appear to increase with temperature significantly since experimental retention ratio increases as temperature increases.
RESULTS AND DISCUSSION
The steric influence was further examined with a series of latex spheres in Figure 4 . The retention time of larger diameter standards is measured at elevated temperature conditions and the experimental data are plotted against the particle diameter for 11 different sizes in a logarithmic scale. The straight lines represent the theoretical retention time for Ž . normal mode only by using Equation 3 . By compar-Ž ing the retention time of 0.304-m particles the fifth point from the left of the figure at each temper-. Ž ature condition , deviation from the theory the . straight lines appears to decrease as the temperature increases. This shows that the steric effect does not dominate in the elution of these particles. Since the hydrodynamic lift forces found by experiments has been known to increase with the viscosity of a w x carrier liquid 19 , temperature elevation causes a decrease of viscosity which in turn results in the decrease of the lift forces. At 21ЊC, the steric inversion appears between 0.426 and 0.596 m. As the Ž temperature increases, the inversion diameter the . maximum point of the curve shifts to nearly 0.8 m at 73ЊC which implies that the temperature elevation results in the extension of inversion diameter to a large diameter scale. Calculation of an accurate inversion diameter is not carried out for the data sets used in this work since the number of data points available for the steric calibration was insufficient to obtain appropriate calibration parameters Ž . S and t which could cover a wide diameter range r1 Ž in the steric regime the right hand side of the curve . maxima in the figure . For this reason, steric calibration could not be established and a generalized retention time curve covering the normal, steric transition, and steric region is not plotted in Figure  Ž . 4 the curves in Figure 4 are the best fit drawing . However, the increase in inversion diameter observed in Figure 4 is consistent with theoretical Ž . expectations explained in Equation 8 . In addition, it demonstrates that temperature elevation can be an alternative method to expand the dynamic range of particle separation in HF-FlFFF.
It is remarkable that the retention time of steric Ž . particles 2.013 and 3.044 m in Figure 4 increases as the temperature increases. This phenomenon is the reverse of that observed in the normal mode. The conversion of elution order begins to appear with 2.013-m particles and it shows clearly with 3.004-m particles in which the retention time increases with the increase of the temperature. The unusual increase of steric retention of particles can also be explained by the decrease of the hydrodynamic lift forces at the elevation of temperature. Therefore, at higher operating temperatures the particles are positioned closer to the fiber wall due to the reduced lift forces at a lower solution viscosity. This explanation is not clearly supported with detailed experiments at the steric regime in this research. However, an earlier work supports that steric retention of particles is greatly reduced when the viscosity of the carrier solution is increased by w x using a ternary mixture 19 .
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